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It has been suggested that changes in the multifocal electroretinogram (mfERG) responses in myopes are primarily due to the
increased axial length that accompanies myopia development. We investigated the characteristics of mfERG responses between
emmetropes and myopes and determined the contribution of axial length to the mfERG data in 30 subjects (10 emmetropes and
20 myopes) using VERIS I. The amplitude and implicit time of the ﬁrst positive peak (P1) of the ﬁrst-order kernel were analyzed.
We found that P1 implicit time in myopes was signiﬁcantly longer by 1.3–3.1 ms than that of the emmetropes and this was not
explained by the myopes having greater axial lengths than the emmetropes. Axial length contributed to 15% of the implicit time
total variance while refractive error accounted for 27%. Delayed mfERG responses observed in myopes were not attributable to
the anatomical change that accompanies myopia and may suggest underlying diﬀerences in retinal function that result from being
myopic.
 2005 Elsevier Ltd. All rights reserved.
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Myopia occurs when the axial length of the eye is too
long for its optical power and the increased axial length
is the principal anatomical feature that diﬀerentiates
myopia from emmetropia (Atchison et al., 2004; Curtin
& Karlin, 1971; Jiang & Woessner, 1996). The axial
elongation that accompanies myopia has been reported
to produce retinal stretching (Curtin & Karlin, 1971;
Hendicott & Lam, 1991; Logan, Gilmartin, Wildsoet,
& Dunne, 2004), thinning (Beresford, Crewther, &
Crewther, 1998; Kremser, Troger, Baltaci, Kralinger,
& Kieselbach, 1999; Wakitani et al., 2003), reduced ret-0042-6989/$ - see front matter  2005 Elsevier Ltd. All rights reserved.
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E-mail address: jc.chen@qut.edu.au (J.C. Chen).inal cell density and enlarged photoreceptor inner seg-
ments (Kawabata & Adachi-Usami, 1997); such
anatomical changes may result in impaired retinal func-
tion and ultimately alter visual performance (Chui, Yap,
Chan, & Thibos, 2005; Collins & Carney, 1990; Strang,
Winn, & Bradley, 1998; Subbaram & Bullimore, 2002).
Retinal function in human myopic eyes has been
investigated objectively with electrophysiological tech-
niques. It is known that retinal electrical responses de-
rived from the single ﬂash full-ﬁeld electroretinogram
(ERG) are reduced in amplitude in myopic eyes and that
ERG amplitude decreases proportionally with increas-
ing axial length (Pallin, 1969; Perlman, Meyer, Haim,
& Zonis, 1984; Westall et al., 2001). Westall et al.
(2001) also emphasized that correct interpretation of
ERG responses should involve consideration of the ef-
fect of axial length rather than refractive error per se.
Using a pattern ERG which gives the average electrical
potential change from the inner retina, Hidajat et al.
(2003) also found that the amplitude of the response
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11.6% reduction for every millimetre increase in axial
length.
More recently, the multifocal electroretinogram
(mfERG), which extracts information from multiple
retinal locations simultaneously (Bearse & Sutter,
1996; Sutter & Tran, 1992), has been applied to investi-
gate retinal function in eyes with longer axial lengths.
Kawabata and Adachi-Usami (1997) found altered
mfERG responses in patients with myopia; responses
were reduced and delayed as the degree of myopia in-
creased. The amplitude reduction was greatest towards
the retinal periphery (8–25). Chan and Mohidin
(2003) also found mfERG response attenuation across
the retina and amplitudes were reduced by 6–10% per
millimetre increase in axial length. All the above-men-
tioned studies have included cases of physiological myo-
pia in the absence of myopic retinopathy or posterior
staphyloma and limited the refractive error to less than
14.50 D of myopia. In cases of pathological myopia,
ERG amplitude reduction is dependent on the degree
of myopic retinopathy (Blach, Jay, & Kolb, 1966) and
severe cases of high myopia should be studied as a dif-
ferent clinical entity to physiological myopia without
signs of retinopathy.
Several hypotheses have been put forward to explain
why altered ERG responses occur in physiologically
myopic eyes. Pallin (1969) suggested that ERG ampli-
tudes are reduced in subjects with myopia due to an in-
creased ocular resistance from the electrical sources (the
retina) and the electrodes. This postulation is supported
by ﬁndings of reduced ERG amplitudes in eyes which
have resistive materials (i.e. increased ocular resistance)
such as silicone oil injected into the vitreous cavity fol-
lowing surgery (Doslak, 1988). However, the ocular
resistance theory was disputed by Chen and colleagues
(1992) who suggested that the reduced ERG amplitude
is likely to suggest a low retinal cell responsivity. It
has also been suggested that other factors such as an in-
crease in subretinal space or a change in the morpholog-
ical proﬁles of the retinal cells due to an increase in axial
length contribute to the decrease in ERG potentials in
myopic eyes (Chan & Mohidin, 2003). The reported
lower amplitudes and longer latencies of the mfERG
responses have also been interpreted as evidence of cone
function loss (Kawabata & Adachi-Usami, 1997), de-
spite the lack of apparent myopic degeneration.
The retina is known to be involved in the develop-
ment of myopia and the associated elongation of the
eye (Wallman, 1993). There is ample evidence in animal
models to suggest that this involvement is part of a
localized regulatory process, and that axial elongation
occurs only in lens-defocussed or form-deprived regions
of the retina (Diether & Schaeﬀel, 1997; Wallman, Gott-
lieb, Rajaram, & Fugate-Wentzek, 1987). Electrophysio-
logical studies in animal models of myopia also supportthe notion that changes in retinal activities are involved
in axial elongation and myopia development. Fujikado,
Hosohata, and Omoto (1996) found that oscillatory po-
tential amplitudes were attenuated in eyes with longer
axial length and this suggests that functional changes oc-
cur in the inner layers of the deprived myopic retina.
Oscillatory potentials also diﬀered between chick eyes
with form deprivation myopia and lens-induced myopia
(Fujikado, Kawasaki, Suzuki, Ohmi, & Tano, 1997). A
recent electrophysiological study found ERG ﬁndings
representing abnormal retinal function in highly myopic
children and suggested that retinal dysfunction may be
involved in disrupting the human emmetropization pro-
cess and result in refractive error development (Flitcroft,
Adams, Robson, & Holder, 2005).
Here we examined the ﬁrst-order responses of the
mfERG in emmetropes and myopes, and considered
both the eﬀects of refractive error and axial length on
the mfERG response, which previous studies have not
done. The aim of this study was to investigate retinal
function in non-pathological myopia and to diﬀerentiate
between the eﬀects of anatomical and functional changes
associated with myopia on the mfERG response. We
hypothesized that if local retinal control is involved in
human myopia development, then diﬀerent retinal
responses should be measured between emmetropic
and myopic individuals, as observed in animal models.
We also included in our study a group of stable myopes
and progressing myopes and investigated whether al-
tered mfERG responses were a feature of progressing
myopia.2. Methods
2.1. Subjects
Thirty subjects aged 18–30 years (mean 24.2 ± 4.0
years) participated in the study. Refractive errors of
the subjects ranged from plano to 9.375 D. Based on
their refraction, subjects were divided into groups of
emmetropes or myopes (a spherical equivalent myopic
error of greater than 0.75 D), which were age-matched
(25.34 ± 5.00 cf. 24.69 ± 3.39 years). Myopes were fur-
ther divided into stable myopes and progressing myopes
based on their myopia progression rate. Information on
myopia progression rate was obtained from past clinic
records or the subjects optometrist. Myopes were con-
sidered to be progressing if their myopia had increased
by 0.50 D or more over the past two years. Subjects with
the pathological form of myopia, with signs of myopic
retinal degenerations (e.g. central or peripheral chorio-
retinal degeneration, posterior staphyloma, neovascu-
larisation), were not included in the study.
All subjects had cylindrical corrections of less than
1.00 D and had better than 6/6 visual acuity in each
Fig. 1. Schematic diagram of a ﬁrst-order mfERG response.
Amplitude and implicit time of the waveform are labelled. Peak-to-
peak P1 amplitude is measured from the trough of the ﬁrst negative
wave to the peak of the positive wave. P1 implicit time is measured
from stimulus onset to the ﬁrst prominent response peak.
Fig. 2. Diagram of the stimulus array used to elicit the multifocal
ERG responses. Hexagon size increased with retinal eccentricity and
responses across the retina were separated into ﬁve concentric rings
(rings 1–5) for data analysis.
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vie, 1976). Subjects with retinal pathology, abnormal
ocular media, strabismus, glaucoma or a history of cur-
rent or past photosensitive epilepsy were excluded from
participation. The study was conducted in accordance
with the tenets of the Declaration of Helsinki and the
requirements of the Queensland University of Technol-
ogy Human Research Ethics Committee. Informed con-
sent was obtained from the subjects after explanation of
the nature of the study and possible consequences of
participation.
2.2. MfERG measurements
MfERG stimulation was performed with the Visual
Evoked Response Imaging System (VERIS I, Electro-
Diagnostic Imaging Inc., San Mateo, CA, USA).
Responses were recorded monocularly using Dawson-
Trick-Litzkow (DTL) thread electrode, which was posi-
tioned on the inferior cornea along the lid margin and
temporally ﬁxed. The pupil of the right eye was dilated
(P7mm) with tropicamide (0.5%, Alcon, Australia)
while the left eye was occluded. Gold-cup reference
and surface electrodes were applied to the subjects tem-
ple and forehead, respectively.
The visual stimulus array was driven at a frame rate
of 67 Hz and consisted of 61-scaled hexagons displayed
on a monitor subtending 38 horizontally and 29.5 ver-
tically. The size of the hexagons was scaled with eccen-
tricity to elicit approximately equal amplitude
responses at all locations. Each hexagon was temporally
modulated between black and white according to a
pseudorandom binary m-sequence (213  1 steps in
length), with a luminance of 100 cd/m2 in the white
hexagons and 2 cd/m2 in the black hexagons (measured
with a BM-7 luminance colorimeter, Topcon, Tokyo,
Japan). Normal room lighting was used (surface lumi-
nances 300 cd/m2).
Subjects were optically corrected for the viewing dis-
tance (50 cm) and they were asked to maintain ﬁxation
on the red ﬁxation target at the centre of the stimulus
matrix and refrain from blinking. Recording segments
containing ERG artefacts due to blinks or small eye
movements were detected online, discarded and re-re-
corded. Each session of recording took approximately
four minutes to complete and was divided into 16 equal
segments (each of 10 seconds duration). Data from two
full mfERG recording sessions were obtained for each
subject and averaged. Retinal signals were band-pass ﬁl-
tered (1–300 Hz), sampled every 1.87 ms and ampliﬁed
(100,000· Grass ampliﬁer).
2.3. Waveform analysis
For each waveform, the amplitude and implicit time
of the ﬁrst positive peak (P1) of the ﬁrst-order kernelwere determined (Fig. 1). P1 amplitude was measured
from the trough of the ﬁrst negative wave to the peak
of the positive wave while the implicit time was mea-
sured from stimulus onset to the ﬁrst prominent re-
sponse peak. First-order responses are derived from
the average retinal response to a focal ﬂash and reﬂect
activities from the outer to middle retinal layers, espe-
cially the bipolar cells (Hood, 2000). MfERG data were
grouped into ﬁve concentric rings, with ring 1 represent-
ing the foveal response (central 2 ) and rings 2–5 corre-
sponding to the successive annuli of stimulation (ring 2:
2 to 7.6, ring 3: 7.6 to 14.8, ring 4: 14.8 to 23, ring
5: 23 to 30) (Fig. 2).
2.4. Axial length measurement
The axial length of the subjects right eye was mea-
sured using A-scan ultrasonography (AXIS-II, Quantel
Medical, France). Prior to measurement, the cornea
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inate HCL (Minims, Chauvin Pharmaceuticals, Austra-
lia). Ten readings were taken to derive an average value.
The standard deviation of the readings was below
0.1 mm for each subject.
2.5. Statistical analysis
Statistical analysis of the data was conducted using
the Statistical Packages for the Social Sciences (SPSS
12.0.1). We performed repeated measures analysis of
variance (ANOVA) to determine if there were diﬀerenc-
es in mfERG responses between emmetropes and myo-
pes. To take the eﬀect of axial length on mfERG
variation into account, a repeated measures analysis of
covariance (ANCOVA) was performed. ANCOVA is
an extension of ANOVA that statistically controls for
the eﬀect of continuous variables called covariates
(Field, 2004).
In this repeated measures general linear model
(GLM), refractive error grouping (emmetropes vs myo-
pes) was the between-subject factor (categorical inde-
pendent variable); retinal eccentricity (concentric rings
1–5) was the within-subject factor, and axial length
was the covariate (continuous variable). This analysis
method allowed us to determine the relative contribu-
tion of axial length on mfERG data and examine the ef-
fect of refractive error in isolation, after controlling for
the eﬀect of axial length. It essentially determined
whether mfERG diﬀerences between emmetropes and
myopes were solely due to the axial length diﬀerences be-
tween the groups or not.
Throughout the manuscript, mfERG data uncorrect-
ed for the eﬀect of axial length were referred to as unad-
justed data. Adjusted data referred to the fact that the
eﬀect of the covariate has been statistically removed.
Estimated marginal means as part of ANCOVA gave
estimates of the adjusted means after the covariate has
been accounted for.
In all cases where comparisons between emmetropes,
stable myopes and progressing myopes were made, Bon-
ferroni-corrected post hoc test was used, adjusting the
observed signiﬁcance level for multiple comparisons.
When mfERG responses of diﬀerent concentric rings
were compared, GLM contrast analysis (type: simple
or repeated) was used to test for diﬀerences among the
ﬁve levels of retinal eccentricity.3. Results
Myopes had signiﬁcantly greater refractive error and
axial length than the control emmetropic group. Mean
refractive error of age-matched emmetropes and myopes
was 0.04 ± 0.35 D and 3.60 ± 2.21 D, respectively
(two-tailed independent t-test, t28 = 6.425, p < 0.0005),with corresponding axial lengths of 23.34 ± 0.70 mm
and 24.86 ± 0.99 mm (t28 = 4.243, p < 0.0005). When
the myopes were divided into stable myopes (SM) and
progressing myopes (PM), they also had signiﬁcantly
greater refractive error (SM: 3.89 ± 2.72 D; PM:
3.38 ± 1.88 D) and axial length than the emmetropes
(SM: 25.34 ± 1.10 mm; PM: 24.48 ± 0.74 mm).
There was a statistically signiﬁcant correlation be-
tween refractive error and axial length (r = 0.782,
p < 0.0005), i.e., increasing myopia was associated with
increasing axial length. There were no statistically signif-
icant correlations between axial length and implicit time
or between axial length and amplitude measures
(p > 0.05). MfERG amplitude and implicit time were
not signiﬁcantly correlated with refractive error for all
concentric rings (p < 0.05).
3.1. Unadjusted data
Repeated measures ANOVA revealed no signiﬁcant
diﬀerences between emmetropes and myopes in mfERG
amplitudes (F1,28 = 0, p = 0.989). The mfERG implicit
time was longer in the myopic group compared to the
emmetropic group but this was just approaching statis-
tical signiﬁcance (ANOVA, F1,28 = 4.185, p =0.052;
Table 1).
3.2. Adjusted data
When we took the eﬀect of axial length into account
as a covariate, the eﬀect of refractive error on implicit
time became signiﬁcant (ANCOVA, F1,28 = 10.819,
p = 0.003 vs p = 0.052). This suggests that taking axial
length into account removed some of the variability in
implicit time measures and increased the sensitivity of
the F-test.
Table 1 shows the direct comparison of the unadjust-
ed and adjusted mean response amplitude and implicit
time in emmetropes and myopes as a function of retinal
eccentricity. The eﬀect of axial length on the mfERG re-
sponse was taken into account in the adjusted data but
not in unadjusted data. The adjusted diﬀerence in
implicit time between myopes and emmetropes was sta-
tistically signiﬁcant for each of the retinal concentric
rings (Table 1). A signiﬁcant interaction eﬀect between
refractive error grouping and retinal eccentricity oc-
curred in the more peripheral areas (ring 4 vs ring 5,
p = 0.035), suggesting that this is where the implicit time
diﬀerence between the groups was greatest.
Fig. 3 shows the trace array for each of the 61 stimu-
lus location for both the emmetropes and myopes. The
overlying mfERG waveforms (not to scale) represent
the overall mean response for the 61 locations of the
emmetropes (blue) and myopes (red). There were no dif-
ferences in response amplitude while the P1 implicit time
of the myopic group was longer.
Table 1
Comparison of mfERG amplitude and implicit time as a function of retinal eccentricity between emmetropes and myopes
Unadjusted data (mean ± SE) Unadjusted
diﬀerence
Adjusted data (mean ± SE) Adjusted
diﬀerence
Repeated measures
ANCOVA
on adjusted data
Contrast
analysis
p-value
Myopes Emmetropes Myopes Emmetropes
Implicit time (ms)
Ring 1 38.93 ± 0.42 37.61 ± 0.54 1.32 39.17 ± 0.48 37.22 ± 0.65 1.95 F1,28 = 10.819, p = 0.003 0.042
Ring 2 39.52 ± 1.06 37.28 ± 1.34 2.24 40.51 ± 1.15 35.69 ± 1.55 4.82 0.036
Ring 3 39.21 ± 0.97 37.01 ± 1.23 2.20 39.94 ± 1.08 35.83 ± 1.45 4.11 0.05
Ring 4 38.72 ± 0.70 37.11 ± 0.88 1.61 39.45 ± 0.74 35.94 ± 0.99 3.51 0.019
Ring 5 41.45 ± 0.82 38.36 ± 1.04 3.09 42.53 ± 0.83 36.63 ± 1.11 5.90 0.001
Amplitude (nV)
Ring 1 31.86 ± 1.93 35.10 ± 2.44 3.24 31.14 ± 2.21 36.24 ± 2.98 5.10 F1,28 = 0.114, p = 0.738 0.232
Ring 2 31.94 ± 1.57 32.83 ± 1.98 0.89 31.76 ± 1.82 33.12 ± 2.45 1.36 0.695
Ring 3 31.90 ± 1.62 31.59 ± 2.05 0.31 32.54 ± 1.86 30.58 ± 2.50 1.96 0.580
Ring 4 33.96 ± 1.69 31.89 ± 2.14 2.07 35.09 ± 1.89 30.07 ± 2.55 5.02 0.172
Ring 5 36.76 ± 1.95 35.20 ± 2.47 1.56 38.18 ± 2.17 32.93 ± 2.93 5.25 0.212
Adjusted means of implicit time and amplitude were provided by estimated marginal means in the analysis of covariance; means after the eﬀect of
axial length has been accounted for.
Fig. 3. The group mean mfERG trace array for each stimulus location
for emmetropes and myopes. Red traces were the mean of 10
emmetropic control subjects; blue traces were the mean of 20 myopes.
The overlying mfERG waveforms (not to scale) represent the overall
mean response for the 61 locations of the emmetropes (blue) and
myopes (red). There were no diﬀerences in response amplitude while
the P1 implicit time of the myopic group was longer (mean ± SE:
40.32 ± 0.66 ms cf. 36.26 ± 0.88 ms).
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refractive error on implicit time was statistically signiﬁ-
cant (ANCOVA, F1,28 = 5.914, p = 0.023). Axial length
contributed 15% of the implicit time total variance while
refractive error status accounted for 27% of the vari-
ance. The main eﬀect of axial length on amplitude was
not statistically signiﬁcant (ANCOVA, F1,28 = 0.283,
p = 0.60).
We also found a statistically signiﬁcant diﬀerence in
mfERG implicit time between emmetropes, stable myo-
pes and progressing myopes (ANCOVA, myopia pro-
gression grouping: F2,27 = 5.286, p = 0.013; axiallength: F2,27 = 4.157, p = 0.054; Fig. 4A). Bonferroni-
corrected post hoc comparisons revealed that only the
diﬀerence between the emmetropes and progressing
myopes was statistically signiﬁcant (p = 0.011). There
were no signiﬁcant diﬀerences between stable myopes
and progressing myopes (p = 0.70) or between stable
myopes and emmetropes (p = 0.117). Contrast analysis
showed that the implicit time diﬀerence between emme-
tropes and progressing myopes was signiﬁcant across
the entire retinal area examined (rings 1–5; Fig. 4A)
while the diﬀerence between stable myopes and emme-
tropes was only signiﬁcant towards the more peripheral
regions (rings 4 and 5; Fig. 4A).
There were no statistically signiﬁcant diﬀerences in
mfERG amplitude between the emmetropes, stable
myopes and progressing myopes, even when the eﬀect
of axial length was taken into account (ANCOVA,
F1,28 = 0.114, p = 0.738; Table 1). However, when the
amplitude diﬀerence was analysed for each of the retinal
region using contrast analysis, stable myopes had great-
er amplitudes compared to emmetropes and progressing
myopes in the more peripheral areas (rings 3–5; Fig. 4).
There were no signiﬁcant diﬀerences in response ampli-
tude between emmetropes and progressing myopes
(Fig. 4B).4. Discussion
We found that P1 implicit time was longer in myopes
than in emmetropes and this diﬀerence became signiﬁ-
cant, when the eﬀect of axial length was accounted for.
The mfERG response diﬀerence between emmetropes
and myopes was not explained by the diﬀerences in their
axial lengths; it is possible that there may be diﬀerences
in retinal processing characteristics between the groups.
Fig. 4. Adjusted P1 implicit time diﬀerence (mean ± SE) between emmetropes (EMM), stable myopes (SM) and progressing myopes (PM). Both SM
and PM had longer implicit time than EMM, while there were no signiﬁcant diﬀerences between the two groups of myopes. * contrast analysis,
statistically signiﬁcant at p < 0.05.
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tered retinal activity for myopia development.
One important aspect of our study is that it account-
ed for both the eﬀects of refractive error and axial
length, which previous studies have not done. Hidajat
et al. (2003) divided their myopic subjects according to
axial length but refractive error data were not reported.
While other studies provided subject data on both axial
length and refractive error (Kawabata & Adachi-Usami,
1997; Westall et al., 2001), low myopes (with myopia
<2.75 D) were included along with the emmetropic
subjects in the control group. Although axial length
measures of emmetropes and low myopes may fall into
a similar range, there may be intrinsic diﬀerences in
the characteristics of retinal function between these
two groups. Data of diﬀerent refractive error groups
should therefore be kept separate.
We found that mfERG implicit time diﬀerences be-
tween emmetropes and myopes only became statistically
signiﬁcant when the eﬀect of axial length was taken into
account. Without taking account of axial length, we
would have concluded that there were no diﬀerences in
mfERG responses between emmetropes and myopes.Axial length removed the extraneous variation on
mfERG implicit time and increased the sensitivity of
detecting diﬀerences between myopes and emmetropes.
Our study also allowed determination of the relative
contribution of refractive error and axial length on
mfERG responses. We found that axial length account-
ed for approximately 15% of the total variance of
implicit time while refractive error accounted for 27%.
The remaining variance was not explained by refractive
error status or axial length and may be due to factors
such as inter-subject variability.
Another major distinction between our study and pre-
vious studies is that most myopes in this study had mod-
erate myopia and not high myopia. This is an important
aspect of our study as our aim was to investigate whether
there were diﬀerences in retinal function between myopes
and emmetropes, without the data being confounded by
the possible pathological fundus changes associated with
high myopia. On this basis, we found that subjects with
low to moderate myopia had altered retinal responses
compared to their emmetropic counterparts, i.e. their
responses were more delayed, particularly in the more
peripheral retinal regions. This is consistent with the
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reported signiﬁcantly longer response latencies in medi-
um and high myopes than in emmetropes. We did not
ﬁnd signiﬁcant amplitude diﬀerences between emme-
tropes and myopes and one possible explanation for
the lack of diﬀerence may be the greater degree of in-
ter-subject variability in our mfERG amplitude data.
Consistent with the recommendations for PERG giv-
en by Hidajat et al. (2003), the ﬁndings of this study high-
light the importance of taking the patients axial length
measures and refractive error into account, as well as
other factors known to aﬀect mfERG responses, such
as age (Gerth, Sutter, & Werner, 2003; Seiple et al.,
2003; Tzekov, Gerth, &Werner, 2004), clarity of the ocu-
lar media (Tam, Chan, Brown, & Yap, 2004; Wo¨rdehoﬀ,
Palmowski, Heinemann-Vernaleken, Allgayer, & Rupr-
echt, 2004), pupil size (Gonzalez, Parks, Dolan, & Keat-
ing, 2004), in mfERG assessments of retinal function (for
example in conditions such as diabetic retinopathy, mac-
ular degeneration, or retinitis pigmentosa).
Our data clearly show that the diﬀerences observed in
the mfERG responses of myopes and emmetropes were
not due to the axial elongation of the myopes, so what
could the diﬀerence be due to? Based on the current lim-
ited understanding of the cellular contribution to the
mfERG signal, there are two possible contributors.
Firstly, Hood (2000) proposed that a small response de-
lay (<3 ms) with approximately normal amplitudes may
be due to altered synaptic transmission or damage to the
inner plexiform layer. Alternately, the signal delay in
myopes may suggest diﬀerences in the kinetics of synap-
tic transfer from photoreceptors to ON and OFF path-
ways of the bipolar cells (Copenhagen, 2004). In support
of the second suggestion, there is evidence that visual
treatments designed to modify the ON and OFF systems
(Crewther & Crewther, 2002) or pharmacological inhibi-
tion of the retinal ON and OFF responses (Crewther &
Crewther, 2003) interfere with the refractive compensa-
tion to induced defocus in animal models.
Other possible retinal processes that could explain the
altered responses in myopia are in the dopaminergic sys-
tem (Morgan, 2003; Wallman & Winawer, 2004); dopa-
mine levels are reduced in form-deprivation myopia
(Megaw, Morgan, & Boelen, 1997; Stone, Laties, & Iuv-
one, 1989) and dopamine agonists have been shown to
inhibit myopia (Rohrer, Spira, & Stell, 1993; Schmid
& Wildsoet, 2004). Dopamine is also involved in the
reorganisation of receptive ﬁeld properties that accom-
pany changes in retinal illuminance, it modiﬁes the spa-
tial and dynamic properties of the ganglion cell
responses, and alters contrast sensitivity (Witkovsky,
2004). Based on the functional roles of dopamine and
the fact that alterations to this system are not solely axi-
al length dependent, we speculate that the changes in
mfERG that we observed in human myopes could be
due to modiﬁcation of this system.While we report the presence of a signiﬁcant increase
in implicit time in myopes compared to emmetropes, the
diﬀerence reported here is small (unadjusted data: 1.32–
3.09 ms). We recognize that the lower temporal sam-
pling resolution of 1.87 ms in the older Veris models
may pose a technical limitation, but it must be noted
that we are comparing a group of 30 subjects here with
replicate mfERG measures, and thus the average tempo-
ral resolution should far exceed 1.87 ms.
There are also two important factors that potentially
vary with increasing axial length: retinal magniﬁcation
and retinal illumination. As stated by Chan and Mohi-
din (2003), the retinal image size of the spectacle correct-
ed axial myope is similar to that of the emmetrope. In
our study, 17/20 myopes were axial myopes with suﬃ-
cient degree of myopia to enable determination of the
component causing their myopia; thus, this is not a sig-
niﬁcant factor in our data. Kawabata and Adachi-Usa-
mi (1997) found that increasing illumination did not
result in a steady increase in mfERG amplitude in the
myopic eyes and thus ruled out decreased retinal illumi-
nance as a factor for reduced responses. In addition, in
our study when we included axial length as a covariate
in the analysis, we eﬀectively took the eﬀect of retinal
luminance into consideration and diﬀerences in refrac-
tive error groups were still observed.
The possibility that the result we observed was due to
myopic subjects experiencing greater defocus of the
mfERG test stimulus, for example which might occur
if they had greater lags of accommodation than the
emmetropes, is unlikely. These errors would be small
(0.25 D) and it has been shown previously that defocus
up to 3 D has no eﬀect on mfERG responses measured
between 5 and 25 degrees (Chan & Siu, 2003). Related to
the defocus issue, when the fovea is in best focus, the
peripheral retina may still be exposed to defocus due
to the diﬀerence in on-axis and oﬀ-axis refractive errors
(Atchison et al., 2004). Seidemann, Schaeﬀel, Guirao,
Lopez-Gil, and Artal (2002) have emphasized that the
visual experience of the more peripheral retinal regions
may have more inﬂuence over eye growth than the fo-
vea. There is also the suggestion that retinal defocus in
the periphery might be involved in the development of
myopia (Charman, 2005; Schmid, 2003). Based on the
same argument as for central refractive errors, the
apparent insensitivity to defocus of standard mfERG
testing means that it is unlikely that uncorrected periph-
eral refractive errors would account for the diﬀerence.
However, visual experience and hence adaptation state
preceding the mfERG testing may be important; it is un-
known to what extent previous visual experience of the
subject would alter retinal contrast adaptation state
and hence the retinal response. Experiments are under-
way in our laboratory to determine if contrast adapta-
tion can be assessed using the mfERG and what eﬀect
refractive error has on this phenomenon.
1228 J.C. Chen et al. / Vision Research 46 (2006) 1221–1229The fact that there were no signiﬁcant diﬀerences in
mfERG response implicit time between the stable myo-
pes and progressing myopes suggests that the altered ret-
inal response may be a consequence of being myopic
rather than a cause of myopia development or progres-
sion. However, it could be suggested that the retinal
activities that may diﬀerentiate between these two
groups were not measured at the aﬀected retinal cellular
level. Future studies should include applications of dif-
ferent mfERG protocols that extract more subtle chang-
es in retinal processing.5. Conclusions
Axial length accounted for approximately 15% of the
total variance of the implicit time data while refractive
error accounted for 27%. P1 implicit time of the mfERG
response was longer in myopia and this was not ex-
plained by the myopes having longer axial lengths than
emmetropes.Acknowledgment
The authors thank Dr. Harry Bartlett for his statisti-
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